hybridizations. MPK4 kinase activity is required to re-
Most, if not all, constitutive defense mutants accumulate press SAR, as an inactive MPK4 form failed to compleelevated levels of SA and express PR genes constitument mpk4. Analysis of mpk4 expressing the SA hytively. The presence of nahG in these mutants supdroxylase NahG and of mpk4/npr1 double mutants presses PR gene expression and distinct aspects of indicated that SAR expression in mpk4 is dependent their enhanced resistance to bacteria and oomycete upon elevated SA levels but is independent of NPR1.
pathogens. While these genetic analyses confirm the importance PDF1.2 and THI2.1 gene induction by jasmonate was of SA and NPR1 in regulating SAR, they also reinforce blocked in mpk4 expressing NahG, suggesting that evidence for both NPR1-and SA-independent disease MPK4 is required for jasmonic acid-responsive gene resistance pathways that are regulated by ethylene and expression.
jasmonic acid (JA; Pieterse and van Loon, 1999 These authors contributed equally to this work.
tion completely bypasses npr1 but depends on SA to induce both PR1 and expression of PDF1.2, a JAresponsive defensin (Shah et al., 1999 element ( Figure 1A ; Sundaresan et al., 1995) . mpk4 has curled leaves and flowers with reduced pollen production and fertility. Microscopy revealed that mpk4 dwarffor kanamycin resistance. Genomic fragments were amplified from revertants, wild type, and mpk4. Sequencing ism was caused by decreased cell size ( Figure 1A ). mpk4 seed germinated with normal cotyledons and first exhibrevealed that Ds had created an 8 bp target site duplication on insertion in the MPK4 intron and that a 7 bp ited dwarfism at the two-to three-leaf stage. No necrotic lesions were detectable on mpk4. In progeny of mpk4 footprint remained after Ds excision to restore the transcription unit ( Figure 1B) . Thus, transposition away from heterozygotes, the recessive dwarfing allele cosegregated with Ds-encoded kanamycin resistance. To iden-MPK4 is linked to reversion of the dwarf phenotype. Second, RNA blot hybridization showed that mpk4 hotify this allele, genomic DNA flanking Ds was isolated, and sequencing revealed that Ds was integrated eight mozygotes did not accumulate detectable MPK4 mRNA, in contrast to wild type ( Figure 1C) as well as the renucleotides upstream of the acceptor site of the first intron of MPK4 ( Figure 1B triple HA epitope tag at the C terminus of MPK4. Western blotting and in-gel kinase assay showed that MPK4 is active in wild-type plants ( Figure 1D ). In contrast, equivampk4 Exhibits Increased Resistance to Pathogens lent levels of a catalytically inactive, HA-tagged MPK4 Constitutive defense response mutants such as cpr1, containing two mutations in activation loop residues ssi1, and lsd6 exhibit dwarfism and leaf curling similar (T201A/Y203F) had no effect on the mpk4 phenotype to mpk4 (Bowling et al., 1994; Weymann et al., 1995; (AEF-HA; Figures 1A and 1D ). These results demonstrate Shah et al., 1999), so we examined resistance of mpk4 that the mpk4 phenotype is caused by loss of MPK4 to pathogens. We found that mpk4 is highly resistant to kinase activity. a virulent bacterial pathogen, Pseudomonas syringae pv. tomato DC3000 (Figure 2A ), and to infection by a mpk4 Responds to Growth Regulators virulent isolate of the oomycete pathogen Peronospora and Abiotic Stresses parasitica (Cala2; Parker et al., 1996) . This pathogen Growth assays and RNA blot hybridization with target rapidly colonized and caused disease symptoms on genes indicated that mpk4 was not significantly imwild-type plants but was undetectable in mpk4 plants paired in responses to environmental stresses including ( Figure 2B ). Thus, mpk4 exhibits enhanced resistance desiccation, salt treatment, cold, or heat shock. mpk4 to at least two unrelated types of pathogens. responses to the phytohormones auxin, cytokinin, brassinosteroid, gibberellin, and abscisic acid were also normal (not shown). This suggests that the mpk4 phenotype mpk4 Expresses PR Genes Constitutively Since mpk4 exhibited resistance to pathogens, we comis not caused by defects in responses to any of these abiotic stresses and phytohormones. Although mpk4 pared the expression of PR genes in mpk4 and wild type. RNA blots demonstrated that PR1, PR2, and PR5, dwarfism was similar to that of ethylene constitutive triple response mutants (CTR; Kieber et al., 1993), mpk4 which are normally induced during the development of SAR , were constitutively expressed did not exhibit a seedling CTR. In addition, mpk4/ctr1-1 double mutants exhibited more extreme dwarfism than in mpk4 ( Figure 3A ). This suggests that MPK4 negatively regulates the expression of these PR genes. In addition, either mutant parent. Similarly, the double mutant mpk4/ ein2-2 (ethylene-insensitive 2-2; Johnson and Ecker, mpk4 expressing the inactive T201A/Y203F MPK4 form expressed PR1 to the same level as the knockout mutant 1998) exhibited both mpk4 dwarfism and ein2-2 insensitivity to ethylene in the triple response assay (not (not shown), indicating that MPK4 activity is required for the negative regulation of PR gene expression. shown). These data argue that MPK4 does not act in the ethylene response pathway between CTR1 and EIN2.
In order to identify a more complete set of downstream genes in MPK4 signaling, we compared global gene The microarray analysis showed that mpk4 also exhibits this response. cDNAs encoding homologues of the heat expression in mpk4 and wild-type seedlings by cDNA hybridization to a microarray of 9861 cDNAs expressed shock proteins HSP70 and HSP90 and of the reticuloplasmins BiP, PDI, CRT, and calnexin were between throughout Arabidopsis development (Ruan et al., 1998) . This revealed that of the 7864 (80%) seedling cDNAs that 3.5-to 4.5-fold more highly expressed in mpk4 than in wild type (not shown). hybridized, the majority hybridized at roughly equivalent levels in mpk4 and wild type (7707 or 98% between
The constitutive expression of the PR genes suggests that a pathway in which MPK4 participates may regulate 3-fold overexpressed and underexpressed). Only 16 cDNAs (Х0.2%) exhibited greater than 5-fold differences the activity of a transcription factor or complex controlling PR gene expression. 5Ј upstream sequences of 17 in hybridization levels between mpk4 and wild type (Table 1). All 16 were more highly expressed in mpk4, sugof these genes (15 from the microarray and PR1 and PR5) could be identified in the database. These segesting that MPK4 is involved in the repression of a subset of genes. Database analysis showed that while quences were searched for the occurrence of conserved sequence motifs that might be binding sites for common the function of eight of these remain to be elucidated, eight encode well-known PR or wound-induced proteins regulatory factors. Two consensus sequences were identified with statistically significant frequencies of oc-(Glazebrook et al., 1997). These include chitinase and ␤-(1,3)-glucanases (PR2) that have antifungal activities, currence ( Table 1) PR1 gene expression in mpk4 were fully dependent upon SA (Figures 4B and 4C) . Therefore, MPK4 functions upstream of SA in SAR signaling.
The npr1-1 mutant is blocked in SA-mediated induction of PR genes (Cao et al., 1994). To examine whether npr1-1 is epistatic to mpk4, the phenotypes of mpk4/ npr1-1 double mutants were examined. The double mutant fully retained mpk4 dwarf stature, constitutively expressed PR1, and exhibited bacterial resistance as 
Expression and Localization of MPK4
The expression pattern of MPK4 was examined in transgenic plants carrying a transcriptional fusion between the GUS reporter and the same 1150 bp of 5Ј upstream MPK4 sequence used to drive the expression of the complementing genomic clones. In soil-grown plants, strong GUS activity was detected in the veins and stomatal guard cells of leaf plates, petioles, stem, and flowers, while leaf mesophyl cells showed weaker staining ( Figure 6A ). The leaf expression pattern was confirmed by in situ PCR with MPK4 cDNA specific primers which detected highest levels of MPK4 mRNA in phloem, leaf (Sundaresan et al., 1995) . A 4.5 kb hybridizing fragment including 2.1 kb flanking sequence was purified by gel electrophoresis, ligated to EcoRI-digested lambda gt11 arms, and the flanking Genetic Analyses F1 progeny of crosses between mpk4 and npr1-1 plants were alregion between Ds and the vector arm was amplified by PCR. Sequencing both strands on an Applied Biosystems ABI 310 identified lowed to self-pollinate, and F3 seeds from 60 individual F2 plants were plated on MS with 250 M SA. This allowed the identification the Ds insertion site in mpk4. Genomic DNA from wild type and mpk4 revertants was used as template to amplify the region spanning the of 26 npr1 homozygotes by seedling hypersensitivity to SA (Bowling et al., 1997). Lines homozygous for npr1 were tested for Ds in mpk4 putative footprint, and these fragments were sequenced as above.
by PCR. Forty F3 seeds from plants homozygous for npr1 and heterozygous for mpk4 were grown in soil. All of these lines segregated Pathogen Infection, SA Measurement, and MeJA Treatments for the mpk4 dwarf phenotype, indicating that mpk4 dwarfism was Four-week-old plants were infiltrated with a suspension of 1 ϫ 10 5 independent of npr1. All homozygous npr1 dwarves examined excfu/ml of virulent Pseudomonas syringae pv. tomato DC 3000 strain, pressed PR1 constitutively and were confirmed by sequencing as and bacterial growth was assayed (Parker et al., 1996 A NotI linkered genomic MPK4 fragment including the 1150 bp proFor cDNA microarray analysis, total RNA from 2 g of 18-day-old, moter was amplified from La-0 genomic DNA and cloned into that soil-grown wild type and mpk4 was extracted using Trizol Reagent site of pSLF172 (Forsburg and Sherman, 1997) to produce a C termi-(Life Technologies). Poly(A) ϩ RNA was purified from 200 g total nally triple HA-tagged MPK4. The activation loop mutant (T201A/ RNA with 2 g of Dynabeads Oligo(dT) 25 (Dynal). cDNA microarray Y203F) was made using the QuickChange kit (Stratagene). HA-tagged production, preparation of fluorescent probes, and microarray hymutant and wild-type MPK4 were subcloned into pCAMBIA3300 bridization and scanning have been described previously (Ruan et and transformed into mpk4 heterozygotes. Homozygous mpk4 lines al., 1998). The hybridization experiment was performed twice using expressing HA-tagged MPK4 versions were identified in T2. microarrays hybridized to cDNAs from two samples each of mpk4
Protein extracts were prepared as described (Romeis et al., 1999) and wild-type mRNA.
except that no buffer change was made prior to immunoprecipitation. One hundred micrograms of total protein was immunoprecipiMicroarray Data Analyses tated with 2 g/ml monoclonal 12CA5 HA antibody (Boehringer) as Analysis of microarray hybridization signals using the average log 2 described (Romeis et al., 1999) . In-gel kinase assays were performed fold balanced difference between mpk4 and wild-type signals and as previously described (Zhang and Klessig, 1998). Western blots its standard deviation indicated that clones with Ն5-fold signals in were developed using alkaline phosphatase-conjugated anti-mouse mpk4 than wild type were statistically significantly higher expressed antibody (Promega). in mpk4 (p Ͻ 0.01). 5Ј upstream sequences of PR1, PR5, and of the cDNAs shown by the microarray to be Ն5-fold higher expressed in MPK4 Localization mpk4 than wild type were extracted from the database (Table 1 ).
An 1150 bp 5Ј upstream fragment containing the MPK4 promoter One of these (unknown) was not included because we could not was isolated as a BamH1/HindIII-linkered PCR product and trandetermine the ORF start. The 17 putative promoter regions were scriptionally fused upstream of GUS in pCAMBIA3300. Plants were used as input in a Gibb's sampler, which can detect short patterns transformed by vacuum infiltration, and transgenics were selected or matrices that are not necessarily 100% conserved (Lawrence et with BASTA. al., 1993), to identify sequences that might be regulatory cis-ele-RT-ISPCR on FAA-fixed leaves was performed according to Joments. Searches were performed for elements ranging from 6 to 16 hansen (1997) without pepsin and DNase treatment. MPK4 mRNAbp. The sampler repeatedly found Matrix 1 (TTGACT) and Matrix 2 specific primers spanning introns 3 and 5 were used for reverse (GACTWWHC) when searching for elements of 6 or 8 bp, respectranscription and PCR amplification. An anti-DIG-AP Fab fragment tively. The best matrices found for 7, 9, 10, 11, and 12 bp all had (Boehringer Mannheim) was used for detection. similarity to Matrix 2 but lower information content.
To estimate the statistical significance of these matrices or motifs, the nucleotides in the 17 promoter sequences were shuffled 300 Acknowledgments times, producing 300 sets of 17 promoter sequences of conserved lengths and nucleotide compositions. Gibb's sampling was perXinnian Dong is thanked for npr1-1 and cpr1 seed, and the Arabidopsis Biological Resource Center is thanked for DNA stocks. Ying formed on each of the shuffled sequence sets for both 6 and 8 bp elements, and the total information content for the best matrix was Kaaring and Suksawad Vongvisutikkun are thanked for technical help. This work was supported by grants to J. M. from the European collected. The information content for the 300 best matrices was approximately Gaussian-distributed, with a mean of 7.7 bit and 8.8
Union (QLG2-1999-00351) and Danish Biotechnology Program (9602416), to J. E. P. from the Gatsby Charitable Foundation, and bit and a standard deviation of 0.27 bit and 0.25 bit, and with the
